Oncogenic mutations in critical nodes of cellular signaling pathways have been associated with tumorigenesis and progression. The B-Raf protein kinase, a key hub in the canonical MAPK signaling cascade, is mutated in a broad range of human cancers and especially in malignant melanoma. The most prevalent B-Raf V600E mutant exhibits elevated kinase activity and results in constitutive activation of the MAPK pathway, thus making it a promising drug target for cancer therapy. Herein, we describe the development of novel B-Raf V600E selective inhibitors via multi-step virtual screening and hierarchical hit optimization. Nine hit compounds with low micromolar IC 50 values were identified as B-Raf V600E inhibitors through virtual screening. Subsequent scaffold-based analogue searching and medicinal chemistry efforts significantly improved both the inhibitor potency and oncogene selectivity. In particular, compounds 22f and 22q possess nanomolar IC 50 values with selectivity for B-Raf V600E in vitro and exclusive cytotoxicity against B-Raf V600E harboring cancer cells.
PAPER

Introduction
The evolutionarily conserved Ras/Raf/MEK/ERK mitogenactivated protein kinase (MAPK) signaling pathway, relaying the proliferative signals generated by cell surface receptors and cytoplasmic signaling components into the nucleus, is a critical regulator of many cellular processes involved in cell proliferation, differentiation, and survival. [1] [2] [3] Aberrant activation of the MAPK pathway represents a common indicator for a wide variety of proliferative diseases and especially cancer. 4, 5 Moreover, accumulating data demonstrates that high-frequency activating mutation [6] [7] [8] or amplification [9] [10] [11] at several levels in this pathway greatly prompts multiple tumor oncogenic processes, such as cell immortalization, angiogenesis, invasive growth, metastases and drug resistance. [12] [13] [14] Therefore, the Ras/Raf/ MEK/ERK signaling cascade has become one of the primary candidates for novel molecular targeted cancer therapies. [15] [16] [17] The Raf serine/threonine kinase family was initially identified as a cellular homolog of the retroviral oncogene v-Raf and consists of three isoforms named Raf-1 (C-Raf ), A-Raf and B-Raf. [18] [19] [20] Distinct from other Raf paralogs, B-Raf requires fewer post-translational modifications for optimal activation and possesses substantially greater basal activity. 21, 22 In addition, B-Raf has also been shown to be the major Raf effector in the MAPK signaling cascade. [23] [24] [25] [26] All of these unique properties in cellular physiology provide a molecular shortcut for B-Raf activation and greatly substantiate the potential of B-Raf to be a bona fide oncogene. 27 The importance of B-Raf in oncogenesis is highlighted by the finding that it is mutated in approximately 7% of human cancers, with the highest incidence in malignant melanoma (60%-70%), thyroid (30%-50%), ovarian (∼30%) and colorectal (5%-20%) carcinomas, and with a relatively lower frequency (1%-3%) in a wide variety of other cancers. 7, 28 Among more than 75 identified B-Raf mutations in human cancers, a Glu for Val substitution at residue 600 in the kinase domain accounts for over 90% of B-Raf mutations, which harbors 500-fold higher intrinsic kinase activity. 29 The B-Raf V600E could effectively circumvent the requirement of phosphorylation-dependent regulation by Ras, and result in constitutive activation of the MAPK signaling pathway, even in the absence of extracellular mitogenic stimuli, facilitating the malignant transformation. 30 , 31 The presence of B-Raf V600E in certain cancer cohorts also correlates with the increased risk of deterioration and poor prognosis. 32, 33 Taken together, these findings strongly suggested that B-Raf is a promising therapeutic target in melanoma and other carcinomas that depend upon B-Raf signaling.
Given the significance of B-Raf in tumorigenesis and progression, the inhibitors targeting B-Raf and especially the oncogenic forms of B-Raf, have increasingly come into the limelight of the drug discovery arena. To date, a number of oncogenic B-Raf inhibitors have been reported in various developmental stages. [34] [35] [36] [37] [38] [39] Some of them have entered clinical trials in recent years and exhibit encouraging clinical efficiency. [40] [41] [42] Among them, Vemurafenib, which was approved by the FDA and EMA (European Medicines Agency) for the treatment of unresectable or metastatic melanoma, is characterized as a selective B-Raf V600E inhibitor. 43 It demonstrated complete or partial tumor regression in the majority of patients harboring the B-Raf V600E mutation and with an overall increased median survival time after the treatment, which validates the effectiveness of targeting the oncogenic B-Raf in cancer therapy. 40, 44 However, the emerging data also indicates that some mutant B-Raf tumors have intrinsic resistances to B-Raf inhibitors accessed clinically to date, and the acquired resistance occurred through a variety of mechanisms. [45] [46] [47] Furthermore, a series of side effects have also been observed, in particular the induction of keratoacanthoma was frequently observed in Vemurafenib treated patients. 44 Therefore, there is clearly an unmet therapeutic need to develop novel, potent and specific B-Raf inhibitors possessing different properties to benefits the patients with B-Raf V600E -driven cancers. Structure based virtual screening (SBVS) has become a powerful tool in the medicinal chemists' toolkit, and the incorporation of the characteristic information from the known active ligands into the virtual screening campaign could further improve the hit enrichment as well as the potential for scaffold hopping. 48, 49 In the present study, a combined ligand-and structure-based virtual screening protocol was employed to discover novel B-Raf V600E inhibitors. Nine structurally novel hit compounds with high ligand efficiency were successfully identified. Subsequent scaffold-based analogue searching and structure optimization significantly increased the inhibitory potency and B-Raf V600E selectivity in both enzymatic and cellular assays. In particular, compound 22q possesses excellent in vitro and ex vivo B-Raf V600E inhibitory potency and exhibits cellular selectivity towards B-Raf V600E harboring cancer cell lines.
Results and discussion
Virtual screening
To strengthen the efficiency of scaffold hopping and hit discovery rate, we designed an integrated ligand-and structure-based virtual screening procedure aimed to counterbalance their fundamental limitations. 49 The SHAFTS algorithm, which is a hybrid 3D molecular similarity calculation approach designed to combine the strength of pharmacophore matching and volumetric overlay, exhibiting satisfactory "scaffold hopping" capability against several representative kinases, [50] [51] [52] was utilized for ligand-based virtual screening (LBVS). Since the shape and volume of the ATP binding pockets are altered upon different ligand binding, two crystal structures of B-Raf in the active conformation (PDB entry: 3og7, 40 2fb8 35 ) varied in binding pocket architecture were used for conducting the structure-based virtual screening with the GLIDE program, 53 which achieved the best performance in our pilot study (see ESI † for detailed results). A schematic representation of the overall virtual screening procedure in this study is presented in Fig. 1 . Taking the respective bioactive conformations of Vemurafenib (Template 1) and SB-590885 (Template 2) in complex with B-Raf as queries, 35, 40 SHAFTS was utilized to search the SPECS vendor databases which contains more than 200 000 compounds. The top 1000 molecules with similarity scores >1.0 were reserved for each template, which resulted in 581 hits for template 1 and 1000 hits for template 2. These compounds were then docked into their corresponding structures with GLIDE using the standard precision (SP) mode, and the top 500 compounds for each structure were submitted for further docking validation using the GLIDE extra precision (XP) mode and visual inspection. The candidate molecules were selected based on the following criteria: (1) The molecular weight of the ligand was lower than 500 Da, rendering it suitable for further optimization. (2) Both geometric and chemical features matching existed between the ligand and the ATP binding site of B-Raf. (3) The binding poses and chemical structures were reasonable. Some highly ranked molecules that displayed either high strain energy or excessive rotatable bonds were rejected from further evaluation. (4) At least one H-bond was formed by the ligand with the backbone atoms of the hinge region residues (such as Q530 and C532), which are critical for anchoring the inhibitors in the active site. 54 (5) The hydrophobic pocket surrounding the gatekeeper residue (back pocket) was occupied by the corresponding lipophilic groups in the ligand, which plays important roles in determining both the kinase selectivity and inhibitor binding affinity. 55, 56 (6) The ligands were prioritized for selection if at least one H-bond interaction was formed with the "DFG-motif" of B-Raf, based on the presumption that it may stabilize the active conformation and improve oncogenic B-Raf selectivity. 38, 40 Consequently, 327 compounds that met the above criteria were selected for further scaffold diversity analysis with the Cluster Molecules component in Pipeline Pilot 7.5. One or two candidate molecules with relatively simple chemical structure and higher GLIDE score (G-score) within each structural cluster were retained. Finally, Fig. 1 Schematic representation of the virtual screening strategy adopted in the present study.
113 compounds were designated for purchase for B-Raf inhibition activity assessment.
In vitro inhibition assay against B-Raf
WT and B-Raf
V600E kinases
The 113 candidate molecules selected by virtual screening were tested for B-Raf WT and B-Raf V600E inhibition as previously described. 36, 39 Nine compounds with diverse chemotypes demonstrated significant inhibition for B-Raf V600E activity at 5 μM in the preliminary test, and the IC 50 . Taken together, these data suggested that hit 1 represented a novel B-Raf V600E selective chemotype with high ligand efficiency and promising anti-proliferation activity, offering a good starting point for further optimization.
Scaffold-based analogue searching
Upon close examination of the binding mode of compound 1 (Fig. S2 †) , we noted that the nitro group attached to the exocyclic methylene could form a hydrogen bond with the amide nitrogen of Cys532 in the hinge area, and the 5-phenylfuran moiety exhibited significant shape complementation with the ATPbinding site to make extensive hydrophobic interactions with the back pocket around the gatekeeper residue. On account of the fact that the nitro group generally functioned as a relatively weak H-bond acceptor in molecular interactions and has a relatively small VDW volume, 58 we then assumed that a novel hinge region binder with more favorable H-bond and VDW interacting capability may improve both the inhibitory potency and oncogenic B-Raf selectivity. Therefore, a substructure-based analogue searching with 2-phenyl-5-vinylfuran (highlighted in red in Fig. 2 ) as a query template was performed to hop the potential hinge region binders, and a focused library comprising of all of the hit compounds was extracted from the SPECS database. Then the focused library was docked into the active site of B-Raf with GLIDE program and ranked by G-score. After visual inspection, nineteen compounds with the same scaffold but with diverse substitutions on the exocyclic methylene and phenyl were purchased from the vendor database and their inhibitory activities against both B-Raf WT and B-Raf V600E were assessed. As shown in Table 2 , 12 out of 19 compounds exhibited more than 50% inhibition of B-Raf V600E activity at 5 μM. Apparently, independent of the distinct substitutes on the exocyclic methylene, smaller hydrophobic substitutes (e.g. halogen in compound 17-19, 24) could be well tolerated in the para position of the phenyl group, and kinase inhibitory activity was completely abolished in the case of ortho-and para-double substitution (e.g. 15, 20, 21) . However, the broad activity spectrum for both the ortho-and meta-substituted compounds indicated that the potency and selectivity against B-Raf V600E were remarkably affected by the different furan-2-methylene substitutes (e.g. compound 11 and 26, or compound 12, 23 and 27), which was consistent with our assumption and underlined the importance of selecting proper hinge binders for further optimization. It is also notable that most of the inhibitors showed varying degrees of selectivity against B-Raf V600E over B-Raf WT , especially for compounds 11, 19 and 22, which showed about 2-3 fold selectivity. In summary, although no significant improvement in inhibitory potency was observed for these analogues over the original hit, they did provide novel chemotypes with enhanced oncogene selectivity for further evaluation. In view of the biological potency, oncogene selectivity and chemical feasibility, compounds 16, 17, 19 and 22, which contained the 2,3-dihydro-1H-inden-1-one, indolin-2-one, thiazolidine-2,4-dione and 2-thiobarbituric acid moieties respectively, were selected for hit optimization and structure-activity relationship (SAR) study.
Hit optimization and SAR analysis
To confirm the effectiveness of the hits identified through the scaffold searching procedure and explore their preliminary structure-activity relationship (SAR), we initiated the hit optimization campaign. According to isosteric replacement theory and synthetic feasibility, the bivalent sulfur atom in the 2,3-dihydro-1H-inden-1-one moiety of hit 16 was replaced by a methylene group, for which the activity was confirmed by subsequent experimental evaluation (16e). In total, 35 compounds were designed and synthesized, and their chemical structures are shown in Tables 3-5 .
The general synthetic route of the designed compounds 16a-g, 17a-f, 19a-k and 22a-q is depicted in Scheme 1. 5-Formyl-2-furanboronic acid was treated with various This journal is © The Royal Society of Chemistry 2012
Org. Biomol. Chem. substituted bromobenzenes, Pd(PPh 3 ) 4 and K 2 CO 3 to yield compounds 30. Then the final products (16a-g, 17a-f, 19a-k and 22a-q) were obtained using the Knoevenagel condensation between compound 30 and various substituted 1-indanone, 2,3-dihydroindol-2-one, 2,4-thiazolidinedione and 2-thiobarbituric acid, respectively. The crude products were purified by washing with MeOH or recrystallizing from EtOH to yield pure products.
The in vitro kinase inhibition assay clearly indicated that distinct substitutes on the exocyclic methylene had a significant effect on both the inhibitory potency and B-Raf V600E selectivity. Of the synthetic derivatives tested, 13 compounds (e.g. 16a, 16c, 16e; 22a-c, 22e-k) exhibited more than 50% inhibition against B-Raf V600E at 2 μM, wherein most of the compounds were close analogues of hit 22, which contained a 2-thiobarbituric acid moiety as the potential hinge binder (Tables 3-5 ). However, on the whole, the majority of the derivatives of hit 16, 17 and 19 displayed relatively weak inhibition in comparison with that of hit 22, which was more visible when the same substituents were present on the benzene ring (e.g. 22a vs. 16a and 19a, 22f vs. 16f and 19, 22k vs. 17d and 19k). Moreover, while the three analogues of hit 16 (16a, 16c, 16e) exhibited encouraging inhibitory activity at 2 μM, their activities declined at lower concentration. In contrast, significant inhibitory potency could still be observed for five derivatives of hit 22 at the same concentration (22f-h, 22j, 22k) and was exemplified by the 2-5 fold improvement in their IC 50 values compared with the original hit (Table 5) . Collectively, the data from the preliminary optimization highlighted the optimal performance of the 2-thiobarbituric acid analogues with respect to B-Raf V600E inhibition. Analyzing the data in Table 5 , we found that either small or bulky hydrophobic substituents, such as methyl, methoxyl, halogens and tertiary butyl retained or improved the inhibition activity to varying degrees (e.g. 22e-i), with the inhibition rate ranging from 30-60% at 0.5 μM, and it was more evident for compound 22f which produced a potency of nearly 5-fold over compound 22. However, the activities substantially decreased when introducing the more polar groups (22c and 22d). Accordingly, the activity is highly sensitive to the physicochemical properties rather than the steric size of the substituents at the para position, indicating the existence of a relatively bulky hydrophobic cavity. Similarly, a hydrophobic substituent was desirable at the meta-position when comparing the activity differences between 22b and 22. Moreover, the presence of a cyano group at the ortho position of the benzene ring showed reduced activity relative to the nitro substitution, which may be attributed to the insufficient complementarity with the ATP binding site due to its linear configuration. Nevertheless, the B-Raf V600E selectivity for these analogues did not show concomitant improvement as their biological potency. For example, compound 22f possessed nanomolar activity but exhibited rare discrimination between B-Raf V600E and B-Raf WT . Consequently, we undertook a second round of hit optimization, mainly focusing on increasing B-Raf V600E selectivity, which is deemed to be critical for maximum therapeutic benefit owing to low cytotoxicity toward normal cells. Meanwhile, with the SAR data in hand, most of the efforts were concentrated on exploring the synergistic effects of the substitutions on the benzene ring. As presented in Table 6 , the double substitution at ortho-and parapositions, as well as the meta-and para-positions did not show the expected "additive" effect, albeit the corresponding monosubstituent could be well accommodated on the benzene ring (e.g. 22n vs. 22a and 22e, 22p vs. 22l and 22e). Considering the observation that the presence of a H-bond acceptor at the metaposition of the benzene improved the B-Raf V600E selectivity, for example with compound 22, and that the configurational freedom of the methoxyl group may hinder the optimal H-bond formation, we speculated that the introduction of a conformationally constrained H-bond partner with enhanced H-bond forming potential, as well as the relatively hydrophobic nature at both meta-and para-positions may potentiate the B-Raf V600E selectivity. Encouragingly, compound 22q, with the 3,4-methylenedioxy substituent on the benzene ring, exhibited the expected improvement in both potency and selectivity. It possessed nanomolar inhibitory activity against B-Raf V600E and about 4-fold selectivity over B-Raf WT , which validated the effectiveness of our speculations and underlined the indispensable contributions of a suitable H-bond acceptor substituent at the meta-position for B-Raf V600E selectivity. To evaluate the effects of B-Raf kinase inhibition on cellular characteristics, the anti-proliferation activity of selected B-Raf inhibitors was investigated. As shown in Table 7 , compound 22e, 22f, 22g, 22h, 22i and 22q demonstrated potent growth inhibition activity against the B-Raf V600E harboring a For each compound, the values listed in the upper and lower panels of the cell refer to the inhibition rate (%) at 2 μM and 0.5 μM, respectively. n.a. = not active. n.d. = not determined. 
A375 malignant melanoma cells at 10 μM. Notably, virtually complete growth inhibition for A375 cell lines was achieved by compound 22g, 22h and 22i. On the contrary, anti-proliferation activity toward B-Raf WT containing SW620 human colonic carcinoma cells was observed to modest levels for most of the tested inhibitors, indicating cellular selectivity for B-Raf V600E over B-Raf WT by these compounds. Moreover, the negligible anti-growth activity that was observed for the selected analogues of compound 16 and 19 was consistent with their relatively weak B-Raf V600E inhibitory activity in vitro ( Table 2 ), suggesting that the selective targeting of B-Raf V600E was responsible for their cytotoxicity of the analogs of compound 22.
To further ascertain this selectivity profile, the antiproliferation effects of compound 22f and 22q possessing the most potent B-Raf V600E inhibition potency and selectivity at the enzymatic level were explored in detail against four other human-derived cells. The dose-dependent inhibition profile exemplified in Fig. 3 clearly indicates that B-Raf V600E bearing tumor cell lines (1205Lu and WM983B) were significantly inhibited following incubation with compounds 22f or 22q, whereas normal human primary fibroblasts (FF2508) and malignant cells not expressing mutant B-Raf (WM3918) were significantly more resistant to compound treatment. Notably, the inhibition of tumor growth at 10 μM was more pronounced upon treatment with compound 22q than compound 22f (Table 6 and Fig. 3 ). These results in cells were consistent with the biochemical assays demonstrating that compound 22q was more potent and selective than compound 22f against B-Raf V600E (Tables 5  and 6 ). This correlation between the enzymatic and cellular inhibitory potency again suggested that the anti-growth activity of the compounds can be well related to their capacity to selectively inhibit oncogenic B-Raf V600E over B-Raf
WT
. Intriguingly, all of the compounds possessing potent and selective anti-proliferation activity contained the hydrophobic substituent at the para-position on the benzene ring, whereas the corresponding polar substitution essentially abolished compound potency. Since the ability of the compounds to penetrate the cell membrane is a prerequisite to cytotoxicity, the para-position of the benzene ring may represent a functional site to orchestrate the permeability and cellular activity for 2-thiobarbituric acid B-Raf V600E inhibitors. Taken together, the ex vivo antiproliferation activity data presented here indicates that the biochemical selectivity of the inhibitors (e.g. 22q) against B-Raf V600E translates to the cellular selectivity, reminiscent of the Vemurafenib and SB-590885 compounds that were utilized as the query template during our ligand-based virtual screening and specially targeted the active conformation of B-Raf.
Kinase inhibition profile
To investigate the specificity and selectivity of the identified inhibitors against B-Raf over other kinases, we performed a selectivity profile against a panel of 16 protein kinases at both 5 μM and 1 μM for the two most potent inhibitors 22f and 22q. As shown in Table 8 , compound 22f showed only modest levels of inhibition for most of the tested tyrosine-and serine/ threonine-kinases except for FGFR1 and IKKβ kinase, which was significantly inhibited at 5 μM. It is noteworthy that the most potent and selective inhibitor 22q, which was derived from the second round optimization campaign, demonstrated an improved selectivity profile. 22q significantly inhibited n.a. = not active. View Online B-Raf V600E at both concentrations but showed only modest levels of inhibition for these other 16 distinct kinases. Taken together, these data demonstrate that compound 22q is a B-Raf V600E inhibitor with more than 10-fold selectivity over other tested protein kinases. Collectively, the promising results from this small kinase profiling suggests that compounds 22f and 22q, and 22q in particular, may possess specific inhibitory activity for B-Raf V600E . In addition, these studies also suggest that synergy between in silico screening and hierarchical hit optimization can lead to novel B-Raf inhibitors with significant kinase selectivity.
Binding mode analysis
To understand the molecular basis for B-Raf V600E inhibition by 22q and to explore the potential structural origin for the oncogene selectivity, the molecular docking strategy was utilized to scrutinize the binding poses of 22q. Fig. 4 illustrates the predicted binding poses of 22q in the ATP-binding site of B-Raf V600E (PDB entry: 3og7 40 ). In this model, the 2-thiobarbituric acid moiety is tightly confined within the adenine-binding site of the ATP binding pocket, intercalating between residue W531 and F583 by forming π-π stacking interactions. The amide portion of the 2-thiobarbituric acid group makes bidentate hydrogen bonds with the NH group and the carbonyl oxygen of C532 in the hinge region, forming a "handshake" interaction, which effectively anchors the compound into the ATP binding pocket. The 2-phenyl-5-vinylfuran portion of 22q extends towards the activation loop (A-loop) and makes extensive hydrophobic interactions with the surrounding residues. In particular, the 3,4-methylenedioxy substituted benzene ring is predicted to occupy the hydrophobic back cavity created by the relatively small gatekeeper residue, mainly comprised of A481, K483, L505, L514, I527, T539 and F595. Gaining access to the kinase back pocket results from the small gatekeeper residue may have the dual effect of not only increasing the biological potency but . The Raf-selective pocket is represented in surface contours. also improving the selectivity over other kinases that have a larger gatekeeper residue and hence a smaller back pocket, 56, 59, 60 which may account for the selectivity profile of 22q. Notably, the 3,4-methylenedioxy substituent on the benzene ring mediates a hydrogen bond interaction with the backbone NH of D594 in the conserved DFG triad.
The SAR data derived from the two-round structural optimization could be rationalized by the predicted binding mode. The ortho-nitro group on the benzene ring may form a weak H-bond interaction with the sidechain of the gatekeeper T529, thus the lower activity that is observed for the linear cyano substitution may partly be attributed to the non-optimal steric complementarity for H-bond formation. Considering the hydrophobic nature of the back cavity, a lipophilic substitution may be preferred over a polar substitution, which was validated by the aforementioned SAR data. In particular, hydrophobic substituents such as methyl, methoxyl and halogens on the meta-or para-position of the benzene ring (e.g. 22f, 22h) that would be predicted to better complement the back pocket, achieving elevated shape and chemical feature complementarity with the ATP binding site, greatly contributed to the improved biological potency of the corresponding compounds. Consistent with this notion, the more polar substitutions on the meta-or para-position of the benzene ring, which would be predicted to be disfavorable due to a high desolvation penalty, showed markedly less potency. For example, nitro, carbethoxy and carboxyl substitutions in these positions showed relatively poor potency (22c, 22d and 22m). Furthermore, the relatively snug but length-limited back pocket could well accommodate rigid and bulky groups (22i and 22j), however, the more extended substitutions such as carbethoxy group would be predicted to cause some steric clashes when presented at the para position of the benzene ring, likely contributing to the weak inhibitory potency of 22d. It is noteworthy that the presence of a conformationally constrained H-bond acceptor in the meta-position of the benzene ring significantly improved B-Raf V600E selectivity (22, 22q) . Based on the predicted binding mode, the H-bond acceptor at the meta-position of the benzene ring could form a hydrogen bond interaction with the mainchain NH group of D594, reminiscent of a similar interaction observed by Vemurafenib when in complex with B-Raf V600E . The sulfamide moiety in Vemurafenib was deprotonated to facilitate the same hydrogen bond interaction with D564 which was deemed to stabilize the DFG-in conformation and thus contributed to the B-Raf V600E selectivity. 38, 40 Moreover, on account of the fact that the conformational equilibrium of B-Raf was strongly biased toward the active state characterized by the DFG-in conformation by the phosphorylation mimic V600E mutation, inhibitors specially targeting the active conformation of B-Raf likely possess higher selectivity against the oncogenic mutant owing to the relatively small configurational entropy cost upon binding. [38] [39] [40] 43, 54, 61 In addition, the structural comparison of the active and inactive B-Raf conformation highlights the central role of the mainchain conformation of D594 in directing the conformational switching of the A-loop between the corresponding DFG-in and DFG-out states. Therefore, resembling the important role of the sulfamide in Vemurafenib, the improved selectivity of compound 22 and 22q for B-Raf V600E over B-Raf WT could be rationalized by the H-bond interaction between the meta-substituted hydrogen bond acceptor and the mainchain NH of D594, which potentially stabilizes the DFG-in conformation and the active conformation of B-Raf.
Conclusions and future prospects
Targeted intervention of the B-Raf V600E gene product represents a promising approach for cancer therapy. In the present study, we identified a novel class of 2-thiobarbituric acid analogues as selective B-Raf V600E inhibitors by using an integrated ligandand structure-based virtual screening strategy in conjunction with hierarchical hit optimization. First, the combined ligandand structural-based virtual screening was utilized for the discovery of structurally novel B-Raf V600E inhibitors. Nine hit compounds with low micromolar activity against B-Raf V600E were successfully identified. Among them, hit 1 was characterized with high ligand efficiency and encouraging anti-proliferation activity, providing an attractive starting point for a hit-to-lead optimization campaign. The molecular modeling study of hit 1 into the ATP-binding site of B-Raf indicated that the biological potency as well as oncogene mutant selectivity could be further optimized by varying the potential hinge region binder and substituent on the benzene ring. The follow-up scaffold-based searching from hit 1 led to a series of B-Raf V600E inhibitors bearing a wide variety of potency and B-Raf V600E oncogene selectivity: four of the analogues of compound 1 displayed potent activities and synthetic feasibility (16, 17, 19 and 22) , so were then selected for hit optimization. Subsequently, the medicinal chemistry effort and SAR analysis was performed to explore the activity and specificity profile of the derivatives for these selected inhibitors, which led to the discovery of 2-thiobarbituric acid analogues with improved inhibitory potency and B-Raf V600E selectivity. The most potent inhibitor, compound 22q, inhibited the kinase activity of B-Raf V600E with an IC 50 value in the nanomolar range and with 4-fold selectivity for B-Raf V600E over B-Raf WT and selective cytotoxicity against B-Raf V600E harboring cancer cell lines. In addition, a small kinase profiling study was consistent with the conclusion that the cytotoxicity of the inhibitor was mainly related to the suppression of B-Raf V600E activity. In addition to providing a novel chemotype with significant biological potency and oncogene selectivity for B-Raf inhibition, the SAR studies and B-Raf V600E selectivity analysis for the 2-thiobarbituric acid analogues offers valuable pharmacophore insights for future optimizations aimed at increasing the inhibitory potency as well as B-Raf V600E mutant selectivity. The structural comparison of 22q with Vemurafenib in complex with B-Raf V600E reveals that the most significant difference lies in the propyl group in Vemurafenib, which penetrates into the Rafselective pocket and was proposed to be the critical binding determinant for Raf kinase specificity. 38, 40 In the case of compound 22q, the substitution on the methylene presented in the methylenedioxy group with a short alkyl chain was predicted to occupy this Raf-specific pocket, which potentially augmented the potency and specificity of the inhibitor towards the oncogenic B-Raf V600E . In addition, the structural comparison also reveals that the lipophilic substituent at the ortho-position of the benzene ring may further potentiate the hydrophobic interactions with the pocket around the gatekeeper residue. However, it is noteworthy that the ortho-substitution may affect the relative orientation between the benzene ring and the central furan group, which in turn may impede the pivotal hydrogen bond interaction with the beginning of the DFG region. We therefore hypothesize that a relatively small substitution, such as fluorine, chlorine or methyl group may be more desirable at the orthoposition. In addition, the NH group in the 2-thiobarbituric acid moiety that does not participate in bidentate hydrogen bonds with the hinge area would be predicted to point towards the solvent. Based on this, we propose that the derivatization at this site such as introducing the solubilizing morpholine fragment may contribute to enhanced solubility and cellular activity.
The study presented here details the optimization process from a fragment-like hit compound derived from virtual screening to a more drug like candidate. This underscores the importance of selecting a proper starting point with low molecular weight and high ligand efficiency to facilitate the subsequent hit-to-lead optimization process. Thus, our study may provide a few useful clues regarding the rational selection of hits for further evaluation. Moreover, the encouraging findings obtained in our study will lay the foundation for future development of more potent and selective oncogenic B-Raf inhibitors for cancer therapy.
Experimental Computational procedure. Protein preparation
Two representative B-Raf/ligand complexes (PDB entry: 3og7, 40 2fb8
35 ) in the active conformation with apparently distinct shape and volume in the ATP binding site were used during virtual screening. The protein structures were prepared using the Protein Preparation Wizard Workflow provided in the Maestro graphical user interface of the Schrödinger program suite and the default settings were used. Residues around the co-crystal ligands at a radius of 10 Å were defined as the binding region in which the docking grids were created. This radius was large enough to include all of the residues that may be involved in inhibitor binding. The crystallographic coordinates for each ligand (Vemurafenib and SB-590885) in the complex structure were extracted and designated as query templates in the ligand-based virtual screening.
Validation of the docking protocol
To evaluate the performance of various available docking methods (GLIDE 5.5, 53 GOLD 5.0, 62-64 AutoDock 4.2 65, 66 ) against B-Raf, two conventional criteria were employed during the pilot study. One of the measurements is the root mean-square deviation (RMSD) value between the best ranked pose predicted by various docking programs and the corresponding experimental pose. The other refers to the enrichment factors, which is defined as the fraction of active compounds found in a certain percentage of ranking list divided by the fraction of the screened library.
GLIDE 5.5. GLIDE (grid-based ligand docking with energetics) approximates a complete systematic search of chemical space available to the docked ligand. 53 In this search, an initial rough positioning and scoring phase that dramatically narrows down the search space is used to locate promising ligand poses. The conformational energy for a few hundred surviving candidate poses is then torsionally flexible minimized at the receptor environment with the OPLS-AA force field.
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Monte Carlo simulation is finally conducted between the three to six lowest energy poses of the previous step to explore nearby torsional minima, which is critical for obtaining an accurate docked pose.
GOLD 5.0. GOLD performs automated molecular docking which employs the hydrogen bond-encoded genetic algorithm (GA) to direct the identification of proper binding modes. [62] [63] [64] A maximum of 10 000 genetic operations were performed on a set of five islands for each of the 20 independent GA runs. The default weights for three genetic operators (crossover, mutation and migration) and a population size of 100 chromosomes were applied in each docking simulation. The kinase scoring function 68 implemented in GOLD were utilized to rank the docked compounds, respectively. Early termination was allowed when the RMSD values for the top three scoring poses was less than 1.5 Å.
AutoDock 4.2. AutoDock Tools (ADT) was used to prepare the grid parameter files (gpf ) and the docking parameter files (dpf ) for each of the docked compound. A grid spacing of 0.375 Å was applied for the energetic map calculations, which centered on the co-crystal ligands and with the grid number of 60, 60, 60 in the x, y, and z directions. The Lamarckian genetic algorithm (LGA) was employed to explore the optimal chemical space in the ATP binding site for each ligand. 65 The docked compounds were subjected to 10 GA runs with a maximal energy evaluation number of 250 000 and a maximum of 27 000 generations. Default values were used for the other parameters and an RMSD tolerance of 2.0 Å was defined during the cluster analysis.
Virtual screening
The SHAFTS program was employed to perform the 3D molecular similarity based virtual screening. It adopts a hybrid similarity metric of molecular shape and pharmacophore features for 3D similarity calculation and ranking, aiming to combine the strength of both pharmacophore matching and volumetric overlay. 50 SHAFTS had demonstrated satisfactory active compounds enrichment and scaffold hopping capability against several representative kinases in retrospective virtual screening studies as well as recent prospective applications. 51, 52 Taking the crystallographic conformation of Vemurafenib and SB-590885 in B-Raf/ligand complex as query templates, the conformational ensembles for each compound in the SPECS database were searched by SHAFTS, and only the best ranked conformer was reserved per molecule. The top 1000 molecules with similarity score >1.0 were reserved for each template. We employed the GLIDE program as the secondary filter to prioritize the compounds for experimental assessment. All of the candidate compounds derived from SHAFTS screening were docked into the ATP binding site of B-Raf without any constraint. The hit compounds were ranked based on G-score and the top ranking compounds were submitted for further docking validation with the extra precision (XP) mode to eliminate false positives as accomplished by more extensive sampling and advanced scoring, resulting in even higher enrichment. Finally, after visual inspection and chemical diversity analysis, the candidate compounds were purchased and subject to the in vitro kinase inhibition assay.
Cloning, protein expression and purification
The human B-Raf kinase domain and the V600E containing mutant (B-Raf WT and B-Raf
V600E
, residues 433-726) with an N-terminal 6X-His tag (MDRGSH 6 GS) to facilitate protein purification (in the presence of full-length mouse p50cdc37 to facilitate the proper folding of the B-Raf kinase) was expressed in Sf9 cells and purified to homogeneity as previously described. 39 The protein was stored at 1.5 mg mL −1 at 4°C until use. GST-MEK-His protein substrate for the B-Raf inhibitor screen was over expressed at 37°C in Escherichia coli BL21 (Gold) cells. The protein was stored at 10 mg mL −1 at −80°C until use.
In vitro B-Raf kinase assay
For IC 50 calculations of inhibitors, an ELISA-based assay was employed as previously described 39 at different inhibitor concentrations to generate a sigmoidal dose response curve using B-Raf V600E or B-Raf WT protein. All dose response measurements were carried out in duplicate or triplicate and IC 50 values were derived from fitting the data to a sigmoidal dose response curve with a four-parameter logistic model using GraphPad Prism.
Melanoma proliferation assay
Human melanoma cell lines (A375, WM983B, 1205Lu, WM3918) were isolated as previously described 69 and cultured in Dulbecco's modified Eagle's medium supplemented with 5% fetal bovine serum. Normal human primary fibroblasts (FF2508) were isolated from the human epidermis of neonatal foreskins and cultured as described. 70, 71 Cells (5000/well) were seeded in 96-well plates and allowed to adhere overnight before treatment with each compound or the DMSO vehicle control for 72 h. Cells were then directly incubated with MTS substrate (CellTiter-96 Aqueous One Solution Cell Proliferation Assay, Promega). Absorbance was measured at 490 nm as per the supplier's instructions and percent proliferation was normalized to the absorbance of vehicle-treated cells. For each experiment, cell line, and treatment, the absorbance values of at least 4 wells were used for data analysis and the experiment was conducted in triplicate.
Kinase profiling
Kinase profiling was performed at Shanghai ChemPartner Co., Ltd. according to the manufacturer's protocols. ATP concentrations in the kinase assay were at the K m for each enzyme.
Chemistry: General methods
The reagents (chemicals) were purchased from Alfa Aesar, Sigma, Acros and Shanghai Chemical Reagent Company, and used without further purification. Column chromatography was performed with CombiFlash® Companion system (Teledyne Isco, Inc.). Nuclear magnetic resonance (NMR) spectra were performed on a Brucker AMX-400 and AMX-300 NMR (IS as TMS). Chemical shifts were reported in parts per million ( ppm, δ) downfield from tetramethylsilane. Proton coupling patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br). Low-and high-resolution mass spectra (LRMS and HRMS) were given with electric ionization (EI) produced by a Finnigan MAT-95. Melting points (Mp) are uncorrected and were measured in open capillary tubes, using a SGW X-4 melting point apparatus (−50 to 400°C). An Agilent 1100 series HPLC with an Agilent Eclipse XDB-C18 (4.6 × 150 mm, 5 μm) reversed phase column was used for the HPLC analyses. The elution buffer was a mixture of H 2 O-MeCN = 40 : 60 (v/v) with 0.1% CF3COOH (v/v) as an additive. The retention time of each synthesized compound is given and the corresponding purity for each compound is proved to be >95% by both HPLC test and 1 H-NMR Spectral Scan (see in the ESI †). The purity of compounds from the SPECS database is more than 90% and for most compounds greater than 95% (confirmed by SPECS, using NMR or LC−MS; data available through the web site).
General procedure for the synthesis of compounds (a) General procedure for the synthesis of compound 30 via the Suzuki reaction. To a solution of 5-formyl-2-furanboronic acid (5.0 mmol) in a mixture (7/3) of dry toluene and ethanol (10 mL), various substituted bromobenzene (1.0 equiv), Pd(PPh 3 ) 4 (0.1 equiv) and K 2 CO 3 (2.0 equiv) was added. The mixture was stirred and heated at 100°C for 4 h under argon protection before it was cooled to room temperature. The organic solvents were removed under vacuum, and the residue was extracted with CH 2 Cl 2 (3 × 50 mL) and washed with brine. The organic phase was finally dried over Na 2 SO 4 and evaporated to dryness to give a crude compound that was purified through flash chromatography (ethyl acetate/petroleum ether) to yield compound 30.
(b) General procedure for the synthesis of target compound. (i) 16a-g and 17a-f: a mixture of compound 30 (1.0 mmol), substituted 1-indanone or 2,3-dihydroindol-2-one (2.0 equiv) and NaOH (3.0 equiv) in MeOH was stirred and heated at room temperature for 3-4 h. The precipitate was obtained by filtration. The solid was re-crystallized with EtOH to yield pure product.
(ii) 19a-k 72 : a mixture of compound 30 (1.0 mmol), 2,4-thiazolidinedione (2.0 equiv) and β-alanine (2.0 equiv) in acetic acid was stirred and heated at 90°C for 2 h before it was cooled to room temperature. The precipitate was obtained by filtration. The solid was washed with MeOH to yield pure product without further purification.
(iii) 22a-q
73
: a mixture of compound 30 (1.0 mmol) and 2-thiobarbituric acid (1.0 equiv) in acetic acid was stirred and heated at 90°C for 2 h before it was cooled to room temperature. The precipitate was obtained by filtration. The solid was washed with MeOH to yield pure product without further purification. 16 (s, 1H), 8.09-8.04 (m, 3H), 7.97 (s, 1H) 
